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Abstract

Mitochondrial transport proteins (MTP) typically are homodimeric with a 30-kDa subunit with six transmembrane
helices. The subunit possesses a sequence motif highly similar to Pro X Asp/Glu X X Lys/Arg X Arg within each of its three
similar 10-kDa segments. Four (YNL083W, YFR045W, YPR021C, YDR470C) of the 35 yeast (S. cerevisiae) MTP genes
were resequenced since the masses of their proteins deviate significantly from the typical 30 kDa. We now find these four
proteins to have 545, 285, 902, and 502 residues, respectively. Together with only four other MTPs, the sequences of
YPR021C and YDR470C show substitutions of some of the five residues that are absolutely conserved among the 12 MTPs
with identified transport function and 17 other MTPs. We do now find these five consensus residues also in the new
sequences of YNL083W and YFR045W. Additional analyses of the 35 yeast MTPs show that the location of transmembrane
helix sequences do not correlate with the general consensus residues of the MTP family; protein segments connecting the six
transmembrane helices and facing the intermembrane space are not uniformly short (about 20 residues) or long (about 40
residues) when facing the matrix; most MTPs have at least one transmembrane helix for which the sum of the negative
hydropathy values of all residues yields a very small negative value, suggesting a membrane location bordering polar faces of
other transmembrane helices or a non-transmembrane location. The extra residues of the three large MTPs are hydrophilic
and at the N-terminal. The 200-residue N-terminal segment of YNL083W has four putative Ca2�-binding sites. The 500-
residue N-terminal segment of YPR021C shows sequence similarity to enzymes of nucleic acid metabolism. cDNA
microarray data show that YNL083W is expressed solely during sporulation, while the expressions of YFR045W, YPR021C,
and YDR470C are induced by various stress situations. These results also show that the 35 MTP genes are expressed under a
rather diverse set of metabolic conditions that may help identify the function of the proteins. Interestingly, yeast two-hybrid
screens, that will also be useful in identifying the function of MTPs, indicate that MIR1, AAC3, YOR100C, and YPR011C
do interact with non-MTPs. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Mitochondria have to be able to transport various
ions (organic and inorganic) across the inner mem-
brane to sustain metabolic processes and to permit
oxidative phosphorylation with its requirement for a
proton gradient across the membrane to proceed.
Membrane proteins that catalyze some of these
transport functions with a high degree of substrate
speci¢city have been identi¢ed. Their sequences and
some of their substrate speci¢cities have been deter-
mined. Those that have been identi¢ed have sequence
motifs similar to Pro X Glu/Asp X X Lys X Arg [1]
within each of three highly similar sequence segments
(about 100 residues each) within a protein of about
30 kDa [2,3], and have 12 transmembrane helices in
their typical homodimeric structure [3]. Searching the
entire yeast (Saccharomyces cerevisiae) genome for
genes of proteins with these primary characteristics,
several investigators have identi¢ed a group of such
open reading frames (ORF) [4^7]. Among these, the
largest group has 35 such ORFs [6].

We have now taken these 35 ORFs, identi¢ed con-
sensus residues within the sequences of their proteins
and determined how their transmembrane helix se-
quences relate to these consensus residues. We used
published yeast DNA microarray results [8^11] to
identify expression patterns of these 35 genes and
to identify other mitochondria-related yeast genes
with similar expression patterns. Of these 35 pro-
teins, 12 have been shown to possess transport func-
tion. These 12 possess ¢ve absolutely conserved con-
sensus residues. Seventeen other MTPs also have
these ¢ve consensus residues. However six MTPs
have substitutions in a subset of three of the ¢ve

absolutely conserved residues. Our analysis of the
results of two recent large-scale yeast two-hybrid
screens [12] that will be helpful in identifying the
function of MTPs and in characterizing their topol-
ogy show that four MTPs interact with non-MTP
proteins.

2. Materials and methods

2.1. Yeast genomic DNA preparation

Yeast (CG379) was grown in YPD medium and its
DNA liberated by vortexing with glass beads. The
DNA was separated/precipitated with phenol/chloro-
form/isoamyl alcohol and 100% ethanol [13]. The
DNAse-free RNAse treatment step was dropped
for higher ¢delity of subsequent PCR reactions.
The ¢nal DNA preparation was quantitated spectro-
photometrically.

2.2. PCR, cloning, and sequencing

PCR ampli¢cation was performed with yeast
GENEPAIRS primers (Research Genetics). Subclon-
ing of PCR products was carried out with the TOPO
TA cloning kit (Invitrogen) for sequencing. Plasmids
were puri¢ed with the Plasmid Midi Kit (Qiagen).
The genes were sequenced with an ABI373A auto-
mated DNA sequencer equipped with Stretch up-
grade (Tufts DNA Sequencing Facility).

2.3. Computer programs

Fig. 1 was prepared with Microsoft Powerpoint.

C

Fig. 1. Negative hydropathy values at residue positions within six (A^F) partial sequences of the 35 yeast MTPs. Each partial se-
quence is indicated to harbor one transmembrane helix. Color codes refer to negative hydropathy [14] (nine residue window) value
ranges, e.g. white is a positive (+) hydropathy value, dark red indicates a negative hydropathy value from 32.35 to 33.12. Consensus
residues (single letter code) (Fig. 2) are indicated at the top of the ¢gure. The three dashed lines (top of ¢gure) identify transmem-
brane helix residue segments suggested by reviewers (top [6], middle [7], bottom [32]) to apply uniformly to all MTPs and thus to cor-
relate directly with the MTP consensus residues. Colored/white rectangles without black frame indicate likely residues of transmem-
brane helices as identi¢ed with hydropathy plots of each individual MTP. Names of the ORFs and names of some transport proteins
are indicated. Sequences with names of the same color are most highly similar [6]. Top 12 sequences in the ¢gure indicate proteins
with identi¢ed transport function. The top 29 sequences possess ¢ve absolutely conserved residues (Fig. 2). The last six sequences
have one or two residue substitutions at three of these ¢ve conserved residues (Table 2). The N-terminal residue (single letter code) of
each partial sequence is shown with the number indicating its position with respect to the N-terminal residue of the intact protein
translated from each ORF.
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Hydropathy values were obtained with DNAStar
(version 3.02) and hydrophilicity plots [14] with a
nine-residue window.

2.4. MTP gene expression

Expression data was obtained from yeast cell cycle
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experiments [8] (genome-www.stanford.edu/cellcycle/),
sporulation experiments [9] (cmgm.stanford.edu/
pbrown/sporulation/), diauxic shift experiments
[10] (cmgm.stanford.edu/pbrown/explore/), and
cluster analysis results [11] (rana.stanford.edu/clus-
tering/).

3. Results

3.1. Sequences of YNL083W, YFR045W, YPR021C,
YDR470C

The typical sequence of an MTP subunit consists
of about 300 residues (30 kDa). The sequences of
four (YNL083W, YFR045W, YPR021C,
YDR470C) yeast genes suggest proteins of size sig-

Table 1
Expression of MTP genesa

Gene Chromosome Transportb Residues ORF Cell cycle Diauxic shift Sporulation

MIR1 X phosphate [15,16] 311 YJR077C ^ U(7)c D(9,11.5)
AAC1 XIII ADP/ATP [17] 309 YMR056C ^ U(6,7) U(2,5,7,9,11.5)
AAC2 II ADP/ATP [18] 318 YBL030C Y (M)d U(7) ^
AAC3 II ADP/ATP [19] 307 YBR085W ^ ^ ^
ARG11 XV ornithine [20,21] 292 YOR130C Y (none) ^ ^
CAC XV carnitine [22] 327 YOR100C ^ U(6,7) U(0.5,2,5,7,11.5)
CTP1 II tricarboxylate [23] 299 YBR291C ^ D(7) ^
ACR1 X dicarboxylate [24] 322 YJR095W ^ U(3,6,7) U(0.5) D(5,7,9,11.5)
OAC1 XI oxaloacetate [4,25] 324 YKL120W Y (none) ^ U(0.5,2,5,7,9,11.5)
DIC1 XII dicarboxylate [26^28] 298 YLR348C ^ ^ U(0.5) D(9,11.5)
FLX1 IX £avin [29] 311 YIL134W ^ ^ D(0.5,5,7)
nn XIII tricarboxylate [4] 314 YMR241W ^ D(6,7) D(11.5)

nn XVI 326 YPR011C ^ ^ D(0.5)
nn VIII 357 YHR002W ^ ^ D(7,9,11.5)
nn XIV 545 YNL083W ^ ^ U(7,9,11.5)
nn VII 314 YGR096W ^ ^ ^
nn XV 307 YOR222W ^ ^ ^
nn XVI 310 YPL134C ^ U(7) D(7,9,11.5)
YMC1 XVI 307 YPR058W ^ D(6) U(0.5,2)
YMC2 II 329 YBR104W ^ ^ ^
MRS3 X 314 YJL133W ^ ^ ^
MRS4 XI 304 YKR052C ^ ^ D(5,7,9,11.5)
PET8 XIV 284 YNL003C Y (G2) ^ ^
nn V 335 YEL006W ^ ^ U(11.5)
nn IX 373 YIL006W ^ ^ D(5,7,9,11.5)
RIM2 II 377 YBR192W Y (none) ^ ^
nn XVI 328 YPR128C Y (M) ^ ^
nn V 300 YER053C ^ U(3,4,5,6,7) D(11.5)
nn VI 285 YFR045W ^ ^ ^

nn XVI 902 YPR021C ^ ^ ^
nn XIII 368 YMR166C ^ ? ?
nn VII 366 YGR257C ^ ^ ^
nn IV 307 YDL119C ^ ^ ^
YHM1 IV 300 YDL198C Y (none) ^ ^
nn IV 502 YDR470C ^ ^ ^
aSee Section 2 for source of data.
bDominant substrate transported by MTP.
cIncreased expression (U) or decreased expression (D) at indicated sampling time points.
dY means this gene shows increased expression in cell cycle phase M, G2, or phase cannot clearly be identi¢ed (none).
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ni¢cantly di¡erent from 300 residues, i.e. 178
(YFR045W) to 902 (YPR021C) residues. We there-
fore resequenced these four genes. Our sequence of
YFR045W (chromosome VI) shows a G insertion
between 242 181 (G) and 242 182 (T) (aggGtac) and
a silent mutation of C to G (242 830) in Thr codons
ACC to ACG (tacGtta). Both of these changes are
not present in the GenBank sequence. Four inde-
pendent sequencing runs yielded the same sequence.
The resulting frameshift yields a 285-residue protein,
clearly in line with the typical MTP (Table 1). Our
YNL083W sequence yields a deletion of the G at
position 472 581 (chromosome XIV) of the GenBank
sequence (gggTgggC-tca, see also below for substitu-
tions). Eight independent sequencing runs yielded

this result. The result is a frameshift, which adds
153 nucleotides or 51 residues to the protein se-
quence of 494 to make it 545 residues. In addition,
we ¢nd that a T replaces G at 472 576, C replaces the
G at 472 580, and A replaces G at 471 764 (aagAtga).

Fig. 1 shows that YNL083W and YFR045W pos-
sess hydropathy pro¢les not too di¡erent from most
other MTP sequences except that partial sequence A
of YFR045W lacks all of the potential transmem-
brane helix residues, but does possess the consensus
residues starting with Pro. Deleting the stop codon
(TAA) located 29 codons upstream from the N-ter-
minal Met, yields a 332-residue protein with a hydro-
phobic residue sequence of only 11 residues, too
short for a transmembrane helix A. The hydrophobic

Fig. 2. Consensus sequences of the six (A^F) partial sequences (Fig. 1) of the 35 MTPs. Red residues are the only residues identical
at identical consensus locations among the 12 MTPs with established transport function (top 12 sequences in Fig. 1). Bold black resi-
dues are the same for at least 23 MTPs; bold black double (two vertically aligned residues) are those where at least 23 MTPs have
one of the two residues. The number associated with the residue indicates the number of sequences of the largest group with the same
residue (residue shown) at this location. Dashed lines indicate generalized transmembrane helix sequences as suggested in several re-
views [6,7,32] (see Fig. 1).
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sequence segment of partial sequence F of the pro-
tein (YFR045W) is shifted towards the C-terminal
end. Neither of the original GenBank sequences of
these two genes possess the ¢ve absolutely conserved
residues of Fig. 2. Both new sequences, however, do
possess these ¢ve residues.

The YNL083W protein has an N-terminal exten-
sion of about 200 residues as indicated in Fig. 1, i.e.
the N-terminal residue of partial sequence A is
Asn222. This N-terminal extension is hydrophilic
and harbors four putative Ca2� binding sites (Fig.
3). Ca2� binding and tissue expression has been
shown for similar proteins from rabbit small intestine
[30] and human heart [31].

Our resequencing of YPR021C (chromosome XVI)
yielded a sequence identical to that in GenBank. Our
YDR470C (chromosome IV) sequence had only one
substitution at 1 400 863: GenBank's T is replaced
with a C (tgtCcaa). This results in a replacement of
a Glu (GAA) with a Gly (GGA) on the complemen-
tary strand where the gene is located.

3.2. Consensus residues and transmembrane helices

Thirty-¢ve ORFs have been identi¢ed in the entire
yeast genome [6]. Since it has not been shown
whether transmembrane helix sequences, established
by hydropathy plots, do indeed correlate with con-
sensus residues, we aligned the 35 proteins with each
other using the DNAStar program and optimized the
alignments manually. Fig. 1A^F shows the align-
ments of the six partial sequences that have been

suggested to harbor sequences for transmembrane
helices. At the top of the ¢gures we show the con-
sensus residues that are presented in more detail in
Fig. 2. Dramatic di¡erences in hydrophobicity and
thus location of hypothetical transmembrane helices
within di¡erent MTPs are quite apparent (Fig. 1A^
F). We have placed the 12 transport-identi¢ed pro-
teins at the top, followed by the 17 proteins that also
possess the ¢ve consensus residues as indicated in
Table 2 and in Fig. 2 (bold red). The six MTPs at
the bottom have substitutions at one or more of
three of the ¢ve absolute consensus residue positions
(see Table 2).

We have quantitated the hydrophobic value of the
potential transmembrane helices by summing the
negative hydropathy values of the positions. These
sums are shown in Table 3. It is clear that while
most sums are similar, exceptions are clearly present.
Most MTPs have at least one transmembrane helix
sequence with a very small sum (bold numbers in
Table 3). Among the MTPs, these small sums are
not associated with only one particular region of
the protein. None of the MTPs (Table 3) shows
such a small sum for transmembrane helix A.

The consensus sequence of Fig. 2 is presented in
such a way that the bold black residues represent at
least 23 of the 35 MTPs. The subscript indicates the
number of MTPs with that residue at that location.

Table 2
The ¢ve absolutely conserved residues within the 12 functional-
ly established MTPs (top 12 of Fig. 1)

Name Aa A E F F

Consensusb P26 K31 P26 G2 G9

YPR021C P26 K31 P26 S G9
YMR166C S K31 P26 G2 G9
YGR257C P26 R P26 G2 G9
YDL119C P26 K31 P26 N G9
YDL198C P26 S P26 G2 G9
YDR470C P26 R P26 L G9

The MTPs (bottom six in Fig. 1) shown are the only ones with
one or more of three of these ¢ve residues replaced (replace-
ments are shown bold in single letter code).
aLetters refer to partial sequences (Fig. 2).
bConsensus refers to the 12 MTPs with established transport
function. Only A, E, and F possess residues at locations abso-
lutely conserved among these 12 MTPs. Residue numbers refer
to residue position with respect to the N-terminal residue in the
sequences of Fig. 2.

Fig. 3. Ca2�-binding sites within the N-terminal of YNL083W.
Roman numerals indicate the four sequences of the four sites.
The residue number within the YNL083W sequence is indi-
cated. x,y,z,-x,-y,-z are the calcium coordinating positions of
the calcium binding loop [33]. L at -z in IV is the only calcium
coordinating ligand that does not seem to be similar to the mo-
tifs of other such calcium binding sites. Cparv is carp parvalbu-
min [34], TCalm is Tetrahymena calmodulin [35], RSTnC is rab-
bit skeletal troponin C [36].
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Only those residues with the largest number of MTPs
are shown. Thus a V4 (21st position in partial se-
quence B) indicates that at that location only four
MTPs have a valine and that there is no group with
more than four proteins and the same residue at that
location. Such a location is least restrictive for type
of residue requirement. On the other hand, P34 (20th

position in partial sequence A) indicates that 34 of
the 35 proteins as aligned in Fig. 1 have a proline at
this location.

3.3. Intertransmembrane helix segments

Much controversy exists as to the role of the pro-
tein segments that connect the transmembrane heli-
ces and whether they face the extramembrane space
or are embedded in the membrane. The original
MTP model [3] that proposed six transmembrane
helices for the MTP subunit, based on the ATP/
ADP translocase sequence [2], suggested long seg-
ments connecting the matrix ends of transmembrane
helices A and B, C and D, E and F [3]. Those seg-
ments connecting the intermembrane space ends of
transmembrane helices B and C, D and E were sug-
gested to be short [3]. We have determined (Table 4)
the number of residues connecting the hypothetical
transmembrane helices as suggested by hydropathy
plots and mostly shown in Fig. 1. Table 4 also shows
the number of residues N-terminal to transmembrane
helix A (Nt) and C-terminal to transmembrane helix
F (Ct). Among the 12 proteins that have been shown
to catalyze transport, only the CTP1, the YMR241W
and the ADP/ATP translocases (AAC1, AAC2,
AAC3) have intertransmembrane helix segment
length distributions similar to those of the original
model [3]. Beyond this, several intertransmembrane
helix segments are exceptionally short (AAC1,2,3) or
exceptionally long (AAC3, YNL083W, YBR192W,
YGR257C, YDR470C).

3.4. Expression patterns of MTP genes

The new technology of DNA microarrays provides
a unique opportunity to group genes according to
their expression patterns. Genes with similar expres-
sion patterns may be functionally related. In this
manner, a new gene with unknown gene product
function may be identi¢ed by correlating its expres-
sion pattern with genes of a known metabolic path-
way.

Table 1 shows expression patterns of the 35 ORFs.
The results from the cell cycle experiments [8] iden-
tify AAC2 with increased expression in the M-phase.
This is also true for YPR128C, which, however,
shows no change in expression level during the dia-

Table 3
Sum of only negative hydropathy values [14] (nine-residue win-
dow) of residue positions of transmembrane helices as indicated
from hydropathy plots and Table 4

Name Aa B C D E F

MIR1 16.8 20.4 20.4 13.5 26.7 33.2
AAC1 17.5 1.6b 21.2 23.6 34.6 20.7
AAC2 20.3 2.6 21.9 21.5 29.4 26.5
AAC3 19.5 2.9 23.4 21.8 28.5 24.9
ARG11 23.2 19.3 35.4 14.8 18.0 26.7
CAC 21.5 24.3 20.1 12.3 32.9 17.8
CTP1 17.1 22.8 28.4 6.1 26.4 29.0
ACR1 17.2 26.4 25.6 8.0 14.9 7.1
OAC1 31.4 9.5 34.2 11.0 24.8 25.8
DIC1 14.8 20.7 23.8 12.2 22.5 18.9
FLX1 21.9 18.6 24.0 20.0 18.8 35.2
YMR241W 21.4 19.9 22.9 4.8 8.4 16.2

YPR011C 23.5 13.5 20.0 17.4 13.4 21.6
YHR002W 17.1 14.3 24.7 19.7 10.3 27.8
YNL083W 24.4 10.0 15.7 26.8 30.8 21.2
YGR096W 20.6 6.9 24.8 20.3 19.2 17.9
YOR222W 24.0 6.8 24.3 2.5 14.0 25.4
YPL134C 25.5 12.2 24.9 13.3 18.5 22.8
YPR058W 17.1 21.0 14.9 12.9 31.7 23.3
YBR104W 18.4 28.1 16.6 18.9 26.4 15.7
YJL133W 19.3 16.1 8.6 19.3 23.4 8.4
YKR052C 18.7 15.4 14.9 14.3 26.4 9.3
YNL003C 25.6 21.4 19.2 7.0 18.6 15.7
YEL006W 28.1 17.3 16.9 28.2 15.7 22.9
YIL006W 30.2 21.2 16.5 27.8 14.5 15.1
YBR192W 25.9 12.5 15.4 10.4 11.6 19.3
YPR128C 26.0 19.9 27.5 8.4 34.8 18.3
YER053C 18.1 7.9 29.8 9.4 31.8 23.3
YFR045W 22.1 28.3 7.7 20.2 21.2

YPR021C 25.2 9.5 23.4 15.6 21.2 9.3
YMR166C 11.1 18.9 18.3 9.3 21.6 24.2
YGR257C 21.4 22.0 26.0 8.1 24.0 21.5
YDL119C 19.3 14.5 20.5 12.6 16.4 13.1
YDL198C 20.3 9.0 28.5 9.1 26.7 20.1
YDR470C 12.2 21.2 42.7 16.6 8.8 17.2
aLetters refer to the six transmembrane helices associated in
most cases with the partial sequences of Fig. 1.
bBold numbers refer to transmembrane helices with an excep-
tionally small sum of negative hydropathy values.
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uxic shift experiment during which AAC2 does show
a change.

3.5. Cluster analysis of MTP gene expression patterns

Eisen and coworkers [11] have developed an algo-
rithm for identifying genes with similar expression

patterns in several types of expression experiments.
In Table 5, we have identi¢ed the MTP genes that
have been cluster-analyzed [11] and we cite for each
one of these genes other yeast mitochondria-related
genes with similar expression patterns. We note here
only that from among the three AAC genes, AAC2
appears to be expressed similar to more mitochon-

Table 4
Number of residues within segments connecting transmembrane helices, derived from hydropathy plot, of the MTPs

Name Nta A^Bb B^C C^D D^E E^F Ct Walker pro¢lec

MIR1 17 (T43) 17 (Q86) 35 (A138) 32 (A194) 19 (D236) 17 21 3
AAC1 14 (A31) 45 (N94) 26 (L139) 38 (Y198) 8 (S233) 51 4 +
AAC2 23 (A41) 42 (N104) 27 (L148) 41 (Y207) 8 (S242) 31 14 +
AAC3 12 (A30) 58 (G105) 15 (D138) 41 (F200) 7 (S231) 30 12 +
ARG11 10 (F34) 36 (N92) 15 (L135) 20 (Y190) 26 (V237) 31 0 3
CAC 37 (V61) 38 (Y120) 23 (T162) 18 (R203) 36 (T262) 31 9 3
CTP1 12 (F33) 35 (K95) 15 (L137) 35 (K197) 18 (L235) 42 0 +
ACR1 10 (L31) 40 (I88) 23 (L139) 23 (A183) 36 (N232) 44 26 3
OAC1 22 (M50) 21 (L97) 32 (T154) 37 (Y212) 20 (I257) 12 18 3
DIC1 20 (A44) 11 (C79) 27 (N130) 48 (D201) 12 (D229) 35 14 3
FLX1 14 (T42) 36 (E100) 27 (I153) 32 (D205) 19 (L249) 18 8 3
YMR241W 19 (M48) 25 (E97) 12 (V138) 37 (E197) 24 (V240) 41 13 +

YPR011C 23 (S54) 31 (A103) 25 (L150) 49 (Y213) 24 (D255) 45 6 +
YHR002W 33 (F61) 37 (Y116) 23 (L160) 48 (H229) 40 (E286) 40 10 3
YNL083W 219 (T245) 58 (S320) 29 (T370) 37 (A430) 23 (R479) 35 11 +
YGR096W 16 (T39) 43 (Y97) 17 (D134) 31 (Y189) 27 (E234) 49 10 +
YOR222W 8 (V35) 12 (K68) 53 (I144) 13 (K174) 43 (I239) 34 10 3
YPL134C 10 (V34) 16 (K70) 55 (L150) 35 (K209) 12 (K240) 43 9 3
YPR058W 25 (F46) 37 (N100) 22 (H143) 36 (A203) 18 (M247) 14 0 3
YBR104W 35 (F55) 31 (N109) 35 (Q165) 34 (G229) 12 (I267) 34 4 3
YJL133W 33 (A56) 35 (Y112) 23 (F151) 27 (Y204) 17 (Q248) 45 0 +
YKR052C 24 (A46) 35 (Y102) 24 (F141) 40 (S198) 13 (Q238) 42 6 +
YNL003C 0 (T27) 24 (Y71) 29 (E116) 45 (Y172) 23 (L218) 37 9 3
YEL006W 38 (V61) 44 (D123) 19 (V161) 38 (P217) 28 (H264) 38 13 +
YIL006W 74 (V100) 42 (Y160) 13 (T192) 45 (Y257) 23 (T296) 45 15 +
YBR192W 52 (L75) 64 (Y157) 21 (R202) 34 (L255) 42 (H309) 51 0 3
YPR128C 0 (T29) 44 (T96) 29 (A149) 33 (F202) 18 (Q251) 27 30 +
YER053C 19 (L46) 30 (Q86) 19 (I133) 33 (S196) 14 (I239) 22 17 +
YFR045W (M56) 30 (C57) 20 (N98) 61 (Y181) 17 (D216) 42 4 3

YPR021C 529 (F553) 34 (N608) 17 (Q653) 29 (Y704) 28 (L755) 35 89 +
YMR166C 52 (L74) 40 (Y132) 20 (V171) 41 (Y234) 24 (D278) 49 11 +
YGR257C 18 (I38) 84 (F140) 21 (K183) 37 (Y244) 24 (F289) 38 14 +
YDL119C 13 (K35) 32 (S86) 36 (V143) 28 (Y193) 35 (D245) 32 8 3
YDL198C 11 (D32) 36 (K82) 42 (L142) 44 (K203) 12 (T236) 29 10 3
YDR470C 127 (T150) 105 (P279) 14 (F323) 37 (Q388) 14 (E419) 56 11 +

Value in parentheses is the ¢rst residue (single letter amino acid code) of that segment with its position counted from the N-terminal
of the protein.
aNt is the number of residues between N-terminal of protein and N-terminal of transmembrane helix A. Ct is number of residues be-
tween C-terminal of protein and C-terminal of transmembrane helix F.
bIndicates protein segment connecting transmembrane helices A and B.
c+ indicates that this MTP pro¢le corresponds to the classical model with long A-B, C-D, and E-F segments and short B-C and D-E
segments [3].
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drial genes than the other MTPs. It should be noted
that AAC2 is in fact the major AAC in aerobically
grown yeast [37]. Dramatic di¡erences are apparent

among the three ADP/ATP translocase genes since
they are located in di¡erent sectors of the cluster
analysis ¢gure [11].

Table 5
Examples of mitochondria-related yeast genes with expression patterns (cluster analysis) similar to those of a select number of MTP
genesa

Name Cluster sectorc Mitochondria-related yeast genes with similar expression patterns

AAC1 5 ribonuclease P protein component (mitochondrial) (YML091C);
ATP10 protein (essential for assembly of F1^F0 complex)
(YLR393W)

YHM1/ SHM1 8 asparaginyl-tRNA synthetase (mitochondrial) (YCR024C)
AAC3 (expression subset of YHM1/
SHM1)b

8 dihydrolipoamide dehydrogenase (mitochondrial) (YFL018C);
pyruvate dehydrogenase E1 component L-subunit (mitochondrial)
(YBR221C); pyruvate dehydrogenase E1 component K-subunit
(mitochondrial) (YER178W)

ACR1 10 cytochrome c oxidase polypeptide VA (YNL052W)
DIC1 10 YME1 protein (causes increased escape of DNA from mitochondria)

(YPR024W)
FLX1 (expression subset of DIC1) 10 ABC1 protein (essential for electron transfer in bc1 complex)

(mitochondrial) (YGL119W)
MRS4 13
MIR1 (expression subset of MRS4) 13 CDP-diacylglycerol-serine O-phosphatidyltransferase (microsomal/

outer mitochondrial membrane) (YER026C); cytochrome c oxidase
biogenesis protein OXA1 (YER154W); D-lactate dehydrogenase
(mitochondrial) (YDL174C)

PET8 (expression subset of ARG11) 16 glutamyl-tRNA synthetase (mitochondrial) (YOL033W)
ARG11 16
CTP1 17
YMC1 (expression subset of CTP1) 18
MRS3 20 mitochondrial import inner membrane translocase subunit TIM23

(YNR017W)
YMC2 28 mitochondrial 40S ribosomal protein MRP4 (YHL004W)
RIM2 31 mitochondrial precursor proteins import receptor (TOM70)

(YNL121C); mitochondrial peptide chain release factor 1
(YGL143C); CBP4 protein (assembly/stability of ubiquinol^
cytochrome c reductase) (YGR174C); ATP11 protein (assembly of
mitochondrial F1^F0 complex) (YNL315C); cytochrome c oxidase
assembly protein COX14 (YML129C)

AAC2 35 outer mitochondrial membrane protein porin 1 (VDAC1)
(YNL055C); succinate dehydrogenase (ubiquinone) £avoprotein
subunit (YKL148C); rotenone-insensitive NADH-ubiquinone
oxidoreductase (YML120C); ubiquinol-cytochrome c reductase
complex 14-kDa protein (YDR529C); succinate dehydrogenase
(ubiquinone) iron^sulfur protein (YLL041C); cytochrome c1

(YOR065W); citrate synthase (mitochondrial) (YNR001C)
aMTP genes are arranged sequentially as they appear in Fig. 2 (http://rana.stanford.edu/clustering/) of the cluster analysis [11] to facil-
itate comparisons of expression patterns. Detailed information on the expressed genes can be found at http://www.expasy.ch/cgi-bin/
sprot-search-de. Cluster analysis [11] is based on diauxic shift [10], sporulation [9], and cell cycle [8] experiments. Analysis is available
for only 16 of the 35 MTP genes.
bExpression pattern of AAC3 is a subset of expression pattern associated with YHM1/SHM1 [11].
cCluster analysis (Fig. 2) (http://rana.stanford.edu/clustering/) was divided into 35 sequential sectors to yield additional relational ex-
pressions of the genes.
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3.6. Protein^protein interactions

It is generally assumed that the MTP proteins pos-
sess no protein segments that extend signi¢cantly out
of the membrane region. These assumptions are
based on hydrodynamic studies [38,39] and the be-
havior of these proteins in column chromatography
[40]. Exceptions of course are YNL083W, YPR021C,
and YDR470C with their large hydrophilic N-termi-
nal and/or C-terminal domains. Thus it is not ex-
pected that the MTPs interact with non-MTPs. Yeast
two-hybrid analyses suggest that four MTPs may
interact with non-MTPs [12]. Table 6 lists the four
MTPs and the proteins that have been suggested to
interact with them. We have added the expression
patterns of the genes of these new proteins to permit
a comparison with those of the MTPs (Tables 1 and
5) to which they are suggested to bind.

4. Discussion

Fig. 1 summarizes the ¢rst detailed analysis of the
individual MTPs with respect to their potential trans-
membrane helices. Among the 12 functionally iden-

ti¢ed transport proteins, the Pro of the consensus
sequence of the partial sequences A, C, and E is at
the C-terminal end of the hydrophobic transmem-
brane helix region. DIC1 has this hydrophobic re-
gion in C shifted dramatically towards the N-termi-
nal. YMR241W has very little hydrophobicity in E
compared to the other MTPs. ACR1 has very much
hydrophobicity in B and so do CAC and
YMR241W. The hydrophobic sequence associated
with B of YOR222W and YPL134W have been
shifted completely out of the partial sequence B re-
gion (see Table 3). However, as indicated in Table 3,
the hydrophobicity of these shifted sequences is still
small. Results of this analysis are di¡erently pre-
sented in Table 3. All of the 35 proteins have a nor-
mal A hydrophobic region.

Among absolute consensus residues, K31 (partial
sequence A) (Table 2) is critical for the phosphate
transport protein (PTP or MIR1) function [41]. The
two Pro and two Gly residues have not yet been
replaced and thus the critical nature of these loca-
tions has not yet been established. The locations of
G2 and G9 in partial sequence F (Table 2) are such
that they are on the same side of a transmembrane
helix cylinder and similar to the collagen triple helix

Table 6
Non-MTP interacting with MTPa

MTP Interacting protein

Name ORF Function Gene expressionb

Cell
cycle

Diauxic
shift

Sporulation Clustering
sectorc

MIR1 UBC6 (physical) YER100W ubiquitin conjugating enzyme, ATP
required, selective degradation of
misfolded membrane proteins

^ ^ U(7,9) 3

AAC3 SAC6 (genetic) YDR129C ¢mbrin homolog, development and
maintenance of cell polarity

^ U(6) D(2,5,7,9,11.5) 12

AAC3 CCT4 (genetic) YDL143W cytoplasmic chaperonin subunit, ATP
required, mitotic spindle formation,
folding actin, tubulin

^ D(7) ^ 27

CAC RSC1 (physical) YGR056W member of remodel structure of
chromatin complex, DNA-dependent
ATPase activity

^ D(7) ^ 11

YPR011C RAD51 (physical) YER095W recombination and repair of DNA
damage caused by X-rays, RecA
homolog

Y (G1) ^ U(0.5,2,5,7,9,11.5) 5

aData based on results obtained from yeast two-hybrid analyses [12].
bRefers to data as cited in Table 1.
cRefers to sectors as de¢ned in Table 5.
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may be at locations where interactions with other
transmembrane helices (rather than the membrane
lipid phase) may sterically prevent the presence of a
larger residue side group.

Table 3 shows that most MTPs have one trans-
membrane helix region with a very small hydropho-
bic value. It is likely that these transmembrane heli-
ces are located next to other transmembrane helices
and provide ligands for the transmembrane path of
the transported polar molecules. MTPs like PTP
(MIR1) do not show such a small-valued transmem-
brane helix sequence. The summed values of Table 3,
to be sure, are crude evaluations of transmembrane
helices. Thus partial sequence A of MIR1 has a hy-
drophilic region (His-32) between two hydrophobic
regions. The transmembrane helix sequence in A may
provide a ligands for the cotransported proton [42].

Fig. 1 presents data that can be used to determine
that the partial sequences C and D of OAC1 are
connected by a short protein segment in the intact
protein compared to the very long segment of AAC
at the same location. However, this di¡erence disap-
pears when this segment refers to the segment that
connects the transmembrane helices as determined
from the hydropathy plot (Table 4). This conclusion
can also be drawn from the segment connecting par-
tial sequences D and E compared to segment length
connecting the hypothetical transmembrane helices
(Table 4). These results emphasize clearly that it is
not appropriate to assign transmembrane helices
based on the consensus residues (dashed lines in
Fig. 1) as has been done by the authors of the three
reviews [6,7,32]. It should also be noted that the ra-
tios of the lengths of protein segments connecting
transmembrane helices di¡er for many MTPs from
those for AAC [3] and cannot be generalized (Table
4).

A ¢rst conclusion from the expression data of Ta-
ble 1 is that the MTP genes do not behave alike. In
fact they are spread out over the whole spectrum of
yeast gene expression patterns (Table 5) [11]. A close
look at the MTP sequences shows that several are
very similar (see colored names in Fig. 1). Compara-
tive sequence analyses were carried out by Nelson
and coworkers [6]. Similar sequences might imply
isozymes and thus re£ect di¡erent expression pat-
terns. This holds true for the three AACs (Table
1). Yet the MIR1 and YER053C with similar se-

quences do have a similar expression pattern.
YER053C is upregulated earlier than MIR1 in the
diauxic shift experiment and MIR1 is earlier down
regulated in the sporulation experiment. MRS3 and
MRS4 with similar hydrophobic sequence pro¢les
(see Fig. 1) and sequences [6] have di¡erent expres-
sion patterns (Table 1). This holds also (Table 1) for
sequence pairs of YMC1/YMC2, YOR222W/
YPL134C, and YEL006W/YIL006W.

A much more thorough analysis of expression pat-
terns, taking advantage of results as shown in Table
5, will be carried out in the future. We expect that
similar expression patterns of genes within di¡erent
metabolic pathways will help identify the functions
of all MTPs.

Since evidence exists that all MTPs puri¢ed from
mitochondria behave as if none of their protein do-
mains face to a signi¢cant extent out of the mito-
chondrial membrane, it was indeed surprising that
the yeast two-hybrid analyses [12] suggest that four
MTPs interact with non-MTPs. This is shown in Ta-
ble 6. The authors do acknowledge that some repro-
ducible two-hybrid signals are unlikely to re£ect true
interactions. The suggested interactions are provoca-
tive and should be investigated. One should also re-
member, however, that the MTPs are located in the
inner membrane with obvious access to the cytosol
limited by the outer membrane. The gene expression
patterns of the non-MTPs (Table 6) do not correlate
with those of the four MTPs (Tables 1 and 5). This
of course is not an absolute requirement for interact-
ing proteins.
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